Objectives Investigation of anti-oxidative and neuroprotective effects of flaxseed on rats with unilateral SCI. Methods 30 male Wistar rats were randomly assigned to five groups: control (Ctrl), laminectomy, flaxseed, spinal cord injured (SCI) and SCI + flaxseed (treatment) groups. SCI model was induced by placing a 50 g weight for 5 min on to a 2.2 mm × 2.5 mm platform applied to the dura at vertebral level T10. After 4 weeks, the blood of rats in different groups was collected and the influence of flaxseed on antioxidant enzymes and oxidative stress marker level, histologic alterations and locomotion score were assessed. Results Our results showed that in the SCI group, the mean level of Superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) were significantly decreased (P < 0.01), whereas the mean malondialdehyde (MDA) content was significantly increased (P < 0.001) in comparison to the laminectomy group. Furthermore, the mean levels of SOD, GPx and CAT in the treatment group was higher than the SCI group (P < 0.001), while, the mean MDA content in the treatment group was significantly less than the SCI group (P < 0.001). In addition, comparison between SCI and treatment groups determined a significant decrease in tissue degeneration and volume of cavities in the treatment group. However, Basso, Beattie and Bresnahan (BBB) scores were significantly increased in flaxseed-treated rats on days 14 (P < 0.05), 21 and 28 (P < 0.01) after surgery compared with the SCI group. Conclusions Our study for the first time showed the anti-oxidative and neuroprotective effects of flaxseed on experimental unilateral spinal cord injury in rat.
Introduction
Spinal cord injury (SCI) is a serious health problem which is followed by great psychological disruption and financial burden on patients' families. 1 The SCI includes two pathological phases that lead finally to the loss of neurons that can have bad consequences. 2, 3 In the primary phase a direct mechanical trauma on the spine causes tearing in tissue and then during secondary phase a cascade of fatal molecular events such as oxidative stress, excitotoxicity and inflammation induces a wide cell death in the injured site. 4 Another important factors accelerate post-traumatic degeneration due to secondary destruction are oxidative stress and apoptosis. 5 Disruption of the balance between the production of oxidant compounds and antioxidant defense system induces oxidative stress. Superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) are antioxidant enzymes, which are important in the regulation of oxidant/antioxidant balance. [6] [7] [8] In addition, during lipid peroxidation several products such as malondialdehyde (MDA) and nitric oxide (NO) are generated, which can provide valuable information related to the severity of cell damage caused by free radicals. The changes in the activities of antioxidant enzymes in biological systems reflect the level of oxidative stress. 6 Although the precise molecular pathway of secondary injury is still controversial, therapeutic strategies that inhibit oxidative stress may lead to SCI improvement.
Flaxseed (Linum usitatissimum) is a seed from flax plant, an annual herb, which is a member of the Linaceae family. 9 It is a rich source of omega-3 fatty acid a-linolenic acid, lignan phytoestrogen, and soluble fibers. 10, 11 Flaxseed has a remarkable antioxidant effect 12 and anti-inflammatory effect due to high levels of free radical scavenger properties and Omega-3 fatty acids, 13 respectively. Furthermore, vitamin E, a fat-soluble vitamin, is present in flaxseed. Vitamin E has anti-carcinogenic and anti-oxidative effect with the protection of cell constituents from the damaging effects of free radicals that might contribute to cancer development.
14 Since flaxseed has introduced as an antioxidant herb, the aim of this study was to investigate the anti-oxidative and neuroprotective effects of flaxseed in unilateral SCI model.
Materials and Methods

Animal Preparations
Male adult Wistar rats weighing between 250 and 300 g were used in this study (n = 30). Animals were kept under constant laboratory conditions, room temperature (20-22°C), a 12-h light-dark cycle, and they had free access to food and water. Animal handling was performed following the guidelines of the Iranian Animal Ethics Committee, Tehran University of Medical Sciences rules. Rats were randomly divided into five groups. Each group consists of 6 rats with following description: 1) Control (Crtl) group: without any manipulation. 2) Laminectomy group: with laminectomy without SCI.
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Spinal Cord Injury
The surgical manner was performed under general anaesthesia induced by intraperitoneal ketamine (80 mg/kg) (Sigma, Taufkrichen, Germany) and xylazine (15 mg/kg) (Sigma, Taufkrichen, Germany). Following T8-T12 midline skin incision, paravertebral muscles were dissected, and laminectomy was performed at T10 vertebrae as the Dura mater was to remain intact. The spinal cord was unilaterally pressed by a 50 g weight for 5 min using a rectangular plate, which was longitudinally oriented over the spinal cord; the plate had an area of 2.2 mm × 2.5 mm. Rats' body temperatures during the surgery were kept constant between 36 and 37°C during surgery. Then, paravertebral fascia and skin were sutured separately. Upon awakening, rats were neurologically appraised. Food, water and urine uptake were monitored. After 4 weeks, the rats were anaesthetized according to mentioned protocol to collect their blood for further analysis. In this study, we tried to use the minimum number of animals and reduce their suffering.
The Basso, Beattie and Bresnahan locomotion Rating Scale Scores
The Basso, Beattie and Bresnahan (BBB) were used for the assessment of motor function of rats in different groups. 15 Two observers who were blind to the treatment group evaluated outcomes. In brief, the BBB scores range from 0 to 21 points, which indicates complete paralysis to normal motor function. The assessments were performed for 24 h and 7, 14, 21, 28 days after surgery. Rats with a score more than 3 were excluded from the study and with the score less than one selected for the following analysis for 24 h post-SCI.
Drug Administration
The flaxseed and normal food were grounded and with a little distilled water mixed. Finally, the plates were prepared by adding 10% flaxseed to the normal food.
Evaluation of Stress Oxidative Activity
On week 4 postoperatively, the blood was obtained from the each group. Centrifuged at 1500 r.p.m. for 10 min. Supernatant solution was collected to determine the following biochemical indices. Superoxide dismutase (SOD) (cat # ZB-SOD48), glutathione peroxidase (GPx) (cat # ZB-GPX48), catalase (CAT) (cat # ZB-CAT48) and malondialdehyde (MDA) (cat # ZB-MDA48) testing kits (Zellbio, Deutschland, Germany) were used to detect the oxidative stress of the injured spinal cord according to their manufacture protocols.
Hematoxylin-Eosin Staining
For histological analysis, animals were anaesthetized by intraperitoneal ketamine (80 mg/kg) and xylazine (15 mg/kg) and perfused with normal saline, 4 weeks after SCI. Then, they were received transcardial perfusion of 0.01 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (400 ml/rat) for fixation. After perfusion, a 2-cm-long piece of the spinal cord was dissected out from each rat and fixed for 48 h with mentioned fixation buffer. A 3-mm-thick transverse section was made in the epicentre and 3 mm cranially and caudally. Afterwards, samples in each group were embedded in paraffin for transverse paraffin sections. The paraffin sections (5 μm thick) mounted on poly-L-lysine-coated slides for histopathological examination by hematoxylin and eosin staining. In the end, slides were observed under light microscopy (Olympus, Tokyo, Japan).
Statistical Analysis
Data were analyzed using the statistical software package SPSS.20 statistical software (SPSS, Inc., Chicago, IL, USA). The normality of nominal variables was analyzed by using the Kolmogorov-Smirnov test. For comparing data among groups, one-way ANOVA tests were used. The results were expressed as mean+SD. P-values <0.05 were considered to indicate statistical significance.
Result
Flaxseed Attenuated Oxidative Stress in Rats Following SCI
The mean level of SOD, GPx, CAT and the contents of MDA were measured in each group to verify the antioxidant effects of flaxseed treatment 4 weeks after injury. In the SCI group, the mean level of SOD, GPx and CAT were significantly decreased (P < 0.01), whereas the mean MDA content was significantly increased (P < 0.001) in comparison to the laminectomy group, at 4 weeks after injury (Fig. 1) .
The treatment group had a 1.5 fold higher mean level of SOD, GPx and CAT compared with the SCI group (P < 0.001), However, SOD and GPx activity in the treatment group were significantly higher than the laminectomy group (P < 0.001) (Fig. 1A-C) . The mean MDA (D) content in the SCI group significantly increased in comparison with laminectomy group (P < 0.001). The MDA content in the treatment group was significantly less than the SCI group (P < 0.001), but it was still higher than the laminectomy group (P < 0.01). Data were presented as mean + SD. Ctrl: Control. *P < 0.05; **P < 0.001; ***P < 0.001.
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Research Anti-oxidative and neuroprotective effects of flaxseed on rats with SCI In addition, the mean MDA content in the treatment group was significantly less than the SCI group (P < 0.001), but it was still higher than the laminectomy group (P < 0.01) (Fig. 1D) . It showed that flaxseed treatment couldn't restore the effect of SCI on MDA content to the control level.
Moreover, the SOD, GPx and CAT level in the flaxseed group were significantly higher than the laminectomy group (P < 0.001) (Fig. 1A-C) .
Flaxseed Reduced Histological Damage After SCI
Hematoxylin and eosin staining of spinal cord tissue 4 weeks after SCI showed differences between the control, SCI and treatment groups. Progressive destruction of the dorsal white matter and central grey matter was obvious in the SCI group in comparison to the control group. In the SCI group, following injury, bleeding and recruitment of polymorphonuclear cells, induced cavity in damage location was completely obvious. However, in the treatment group density of polymorphonuclear cells decreased and bleeding wasn't seen. Comparison between SCI and treatment groups determined significant beneficial effects of flaxseed as decreased the volume of contusion-induced cavities and improved tissue structure in the treatment group (Fig. 2) .
Flaxseed Improved Iocomotor Functional Recovery of Rats Following SCI
The effects of flaxseed on locomotor functional recovery in rats after SCI, were measured by BBB test on days 1, 3, 7, 14, 21 and 28 post SCI. As shown in Figure 3 , there isn't any significant difference in BBB scores between the SCI and the treatment group on days 3 and 7 after SCI. However, BBB scores were significantly increased in flaxseed-treated rats on days 14 (P < 0.05), 21 and 28 (P < 0.01) after surgery compared with the SCI group.
Discussion
SCI is a cause of major neurological disability which is followed by great psychological disruption that includes both primary and secondary injuries. 16 The primary injury of the spinal cord is followed by a long period of secondary injury. One of the most important factors involved in posttraumatic degeneration is the level of oxidative stress. 5 Oxidative stress could lead to lipid peroxidation, DNA and protein oxidation and other disruptions. 17, 18 Oxidative and anti-oxidative parameters such as MDA, GPx, SOD and CAT have been studied in experimental SCI model. The increased level of MDA, SOD and decreased level of CAT, GPx have been reported in SCI rat model. 19 Liu et al. showed that oxidative stress level increased during first weeks after injury. 20 MDA is the end product of lipid peroxidation, and the content of MDA is an indicator of free radical levels. 21 SOD with clearing O 2 and preventing tissue injury by toxic oxygen-free radicals can be an indicator of antioxidant activity. 22 Therefore, the level of SOD and MDA are important biomarkers of oxidative stress status. In this study, we showed that the mean level of SOD, GPx and CAT decreased in the SCI group, while the MDA content increased in comparison to the laminectomy group. Our results confirm that the stress oxidative level will increase as secondary bad consequences of SCI, which may lead to following neurons disruption. Up to now, researchers reported the influences of bilateral SCI on stress oxidative level, while in this study we represented that even unilateral SCI can disrupt the balance of stress oxidative condition. Therefore, reduction of oxidation stress level can be a key factor in the therapeutic schedule of SCI.
Flaxseed (Linum usitatissimum) is the seed from the flax plant, an annual herb, which is a rich source of plant omega-3 fatty acid a-linolenic acid, lignan phytoestrogen, and soluble fibres. 10, 11 There are some studies that have indicated the remarkable antioxidant 12 and anti-inflammatory effects of flaxseed due to high levels of free radical scavenger properties and Omega-3 fatty acids, respectively. 13 Lignan has been shown to provide neuroprotective and Fig. 3 Flaxseeds improve locomotor functional recovery of rats following SCI. BBB test represented the significant increase in flaxseed-treated rats on days 14 (P < 0.05), 21 and 28 (P < 001) after surgery compared with the SCI group. While, there are not any significant differences in BBB scores between the SCI and the treatment group on days 3 and 7 after SCI. Data were presented as mean+SD. Ctrl: Control. *P < 0.05; **P < 0.001. anti-oxidative effect against neurodegenerative diseases such as SCI. 23 In 2006, King et al. reported that omega-3 fatty acid can improve SCI. 24 In vitro study showed that flaxseed not only acts as a scavenger of hydroxyl radicals, but also inhibits the lipid peroxidation. Scientific evidences support the role of flaxseed in the prevention of some chronic diseases such as many types of cancer, diabetes, cardiovascular diseases and cerebrovascular stroke due to their biological active components. [25] [26] [27] [28] Moreover, it has been reported that flaxseed improves biochemical and oxidative stress parameters in patients with metabolic syndrome (MS). 29 In 2016, one research group reported that flaxseed oil (FSO) has a neuroprotective effect against CCl4-induced brain injury in gamma-irradiated rats. This effect is interrelated to the ability of FSO to scavenge the free radicals, enhances the antioxidant enzyme activity, increases glutathione contents and down-regulates the inflammatory responses. 30 Based on previous studies, flaxseed has a significant therapeutic potential to decrease the level of oxidative stress. In the present study, for the first time to our knowledge, we assessed the effect of flaxseed in the unilateral SCI model. We found that 4 weeks after SCI induction GPx, SOD and CAT were markedly increased in the treatment group compared with control, whereas the MDA level was decreased. Therefore, we verified that flaxseed can suppress the oxidative stress in SCI.
In addition, our investigation demonstrated that flaxseed decreased tissue degeneration and the size of contusioninduced cavities in the treatment group, which resulted in improvement of motor activities. To evaluate the effect of flaxseed on locomotor function, animals were exposed to BBB test. Animals in the treatment group had significantly more recovery of motor function compared to SCI animals. It indicates that locomotor recovery after SCI in rats showed significant improvements with flaxseed treatment, as was confirmed by decreases in oxidative stress as a secondary injury.
In summary, our results showed that treatment with flaxseed diminished tissue degeneration and improved locomotor function, which can be explained by a reduction in the oxidative stress level after unilateral SCI. According to our results, flaxseed introduces as a new neuroprotective factor in SCI, and it needs to be more investigated in the future.
